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Fission track apparent ages for zircons and apatites 
from granodiorite intrusives of Laramide age in the Camp 
Bird Mine and Blowout areas near Ouray, Colorado have been 
reset by at least two periods of hydrothermal activity.
The youngest event is associated with the mineralization of 
the Camp Bird Vein, about 7.0 m.y. ago (apatite).
The intrusive inferred to be responsible for this 
thermal event is still buried. Increased sericite develop­
ment appears to accompany this episode. Other apatite 
fission track ages have been reset to about 15 m.y., in 
response to the intrusion of the Stoney Mountain rhyolite. 
Discordant zircon ages and. petrographic evidence suggests 
the effects of an even older hydrothermal event probably 
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This study interprets the thermal and geochemical his­
tory of the Camp Bird Mine and Blowout, two mineralized 
areas near Ouray, Colorado (See Figure 1, Regional Map). 
Fission track geochronology is used to set limits on the 
age of mineralization and other thermal events of the area; 
petrography documents the chemical changes in the rocks 
during these heating episodes.
Fission tracks are commonly used for dating the 
crystallization of rocks.. However, if the rock had been 
subsequently reheated, the crystallization age of the rock 
may be partially or completely reset due to the annealing, 
or fading, of the spontaneous tracks. This phenomenon 
interferes with primary age determinations but provides 
paleothermal information more easily than other techniques, 
particularly in highly altered rocks.
Under ideal conditions the date calculated from fis­
sion track densities would indicate the age of crystalliza­
tion of the rock. However, if the rock has been heated 
subsequently, some of the spontaneous tracks may have faded, 
yielding a younger date. The process of fading or total 
erasure of fission tracks is termed annealing (Fleischer 
and others, 1965b).
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Annealing is dependent upon three variables: Tempera­
ture, time and the particular mineral species. With 
increasing temperature atomic movement increases in the 
crystal lattice and those ions which were displaced to form 
the track move back into the damaged zone and reform bonds. 
With progressive annealing the etchable track length de­
creases until the track area etches at the same rate as the 
undamaged portions of the crystal. At this point the track 
can no longer be seen with an optical microscope (Naeser, 
1979).
Harrison and others (1979) use the following tempera­




It is assumed that the rock cools from crystallization
7temperature to below 100°C over about 10 years.
When the minerals lie within these temperature zones 
the fission tracks formed within them are only partially 
stable. Tracks may form and be annealed. As the rock 
cools more tracks accumulate and fewer anneal until the 
particular mineral falls below its closing temperature at 
which time all tracks are retained. Alternatively, if the 
rock is reheated after initial cooling tracks may be
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annealed and the apparent age would decrease.
While annealing causes problems when determining the 
actual age of crystallization of a rock it can be very use­
ful in understanding its thermal history. This paper 
demonstrates two applications —  the determination of the 
age of mineralization of an area and the detection of other 
undiscovered thermal anomalies. Fission track annealing 
can also give insight into regional tectonics by the 
determination of uplift rates. An example of this is 
given by Naeser (1979). In that study apatites from Pre- 
cambrian rocks, sampled at increasing elevations on Mt. 
Evans, Colorado, were dated. Rocks from elevations be­
tween 2300 m and 3 30 0 m yielded an age of about 65 m.y. 
Above 3300 m the age systematically increased to 130 m.y. 
at about 4 300 m, the top of the mountain. Assuming a geo­
thermal gradient of 30°/km, the point which is. now 3300 m 
above sea level was about 3000 m below sea level 66 m.y. 
ago. This indicates a total uplift since the Cretaceous 
of at least 6 km.
This paper demonstrates several other applications of 
fission track geochronology: the determination of the age
of vein mineralization; the discovery of unknown veins 
because of their local thermal anomalies; and the extent 
and minimum age for regional thermal events.
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Initial work by Cunningham and others (1977) indicated 
that the fission track ages from a granodiorite sill of 
Laramide age near the Camp Bird Mine had been reset by a 
recent thermal event. For this study additional samples 
were collected from the same sill, and also from a 
brecicated stock, the Blowout, believed to be a conduit 
for the sill (Leudke and Burbank, 1962) . Fission track 
apparent ages were determined for both zircon and apatite 
since these minerals have different annealing character­
istics. This information, in addition to petrographic 
data, is combined with field observations of previous 
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GEOLOGIC SETTING
The area surrounding Ouray, Colorado has been the sub­
ject of intensive study by geologists for decades because 
of rich precious metal deposits found there. Previous work 
on the geology and mineralization include Burbank (1941, 
1960); Burbank and Luedke (1964, 1968, 1969); Doe and 
others (1979); Fisher and Leedy (1973); Larsen and Cross 
(1956); Lipman and others (197 0); Lipman and others (197 3); 
Lipman and others (1976); Lipman and others (1978); Luedke 
and Burbank (1962); Paul (1974); Reinking and Hilbelink 
(1973); and Steven and others (1974).
Figure 2 is a generalized geologic map, adapted from 
geologic maps of the Ouray and Ironton quadrangles by Luedke 
and Burbank (1962) and Burbank and Luedke (19-74), respect­
ively.
The rocks of the immediate area (Luedke and Burbank,
196 2) include Precambrian metamorphic rocks which are un- 
conformably overlain by relatively undeformed Paleozoic 
and Mesozoic sediments. These rocks were intruded by 
granodiorite sills and laccoliths during the Laramide 
orogeny (approximately 60 to 65 m.y. ago) of late 
Cretaceous to early Tertiary age. An extended period of 
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volcanic field were deposited on the resulting surface, 
beginning in early Oligocene time, about 35.m.y. ago, and 
culminating in the eruption of the Crystal Lake tuff from 
the Silverton caldera, 27.0 - 27.5 m.y. ago (Lipman and 
others , 1973) .
The San Juan volcanic field, which contains at least 15 
recognized calderas, is located just southeast of the study 
area (steven and others, 1974). Many of the calderas pro­
duced extensive ash-flow tuff sheets which overlie the 
earlier lavas and breccias (Lipman and others, 1970). The 
entire area has been intruded by scattered plutons through­
out a period from 32.1 to 10.5 m.y. ago (Lipman and others, 
1976).
The Camp Bird Vein is located on one of the fractures 
resulting from the collapse of the Silverton caldera 
(Burbank, 1941). Burbank (1941) believed that the vein was 
mineralized shortly thereafter. However, Lipman and others 
(1976) have dated potassium feldspar from the Camp Bird 
Vein by the K-Ar method at approximately 10 m.y. The 
study by Cunningham and others (1977), shows apparent 
fission track ages from a granodiorite sill near the vein: 
Ouray 1 - zircon, 4 0.7 + 6.5 m.y.; apatite, 7.7 + 3.4 m.y.; 
Ouray 2 - zircon, 54.1 + 4.0 m.y.; apatite 15.0 + 5.6 m.y. 
The sill is of Laramide age, as shown by field relations.
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These sample locations are shown in Figure 2. The discord­
ancy of the zircon and apatite ages, and the inconsistency 
of the data with the geologic evidence for the age of the 
sill, indicates that at least one thermal event has occurred 
subsequent to Laramide time, causing annealing of fission 
tracks, and resetting the intrusion age.
The other area considred in this study is the Blowout, 
northeast of Ouray. Luedke and Burbank (1962) interpreted 
this area as a breccia pipe, the central conduit for the 
Laramide granodiorite sills of the area. They believed 




In the Camp Bird area sampling was controlled by the 
outcrop pattern of the granodiorite sill, which is roughly 
perpendicular to fractures and veins. Those areas nearest 
veins should show decreased fission track ages and greater 
alteration while those other areas should be less altered 
with higher ages,. (See Figure 2 for sample locations).
Since the Blowout is an irregularly shaped pipe dif­
ferent sampling criteria were necessary; in this area 
samples were collected to represent the differing amounts 
of alteration observed ‘in the field. Lowered ages in this 




Fission-track ages on the zircon and apatite concen­
trates were determined according to techniques outlined by 
Naeser (1976). (See Appendix A for details of the 
analytical methods). Zircon was dated using the external 
detector method and the population method was used for 
apatites. The standard error for the zircon ages was
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determined from the equations shown by Naeser and others 
(197 8) . Errors for the apatite ages were calculated accord­
ing to the method of Zimmermann (1977). National Bureau of 
Standards glass 612 was used to determine the neutron 
fluence, with initial calibration against the NRS copper 
neutron dose.
Petrography
Thin sections were examined with a petrographic micro­
scope in transmitted and reflected light in order to deter­
mine the mineralogy of each sample. Amounts of the altera­
tion minerals were determined by comparison and visual 
estimation as suggested by Fred Fisher of the United States 
Geological Survey.
An attempt was made to. stain the slabs with sodium 
cobaltinitrate for K-fedlspar. Unfortunately most of the 
rocks did not stain properly due to the extensive altera­
tion .
X-Ray Analysis of Clays
A small portion of each sample was pulverized and the 
clay fraction was concentrated, prepared and X-rayed
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according to the technique of Hauff, 1974, in order to 
identify the clay minerals.
RESULTS 
Fission Track Geochronology
Table 1 lists 31 fission track data for zircon and 
apatite concentrates from sixteen samples. The apparent 
ages are shown graphically in Figure 3. In Figure 3, the 
vertical axis is apparent age in millions of years and 
samples are arranged with increasing distance from the 
Camp Bird Mine, from left to right. Figure 4 shows the 
data from the Blowout area. Uncertainties, for apatite 
and zircon ages are two standard deviations.
Figure 3 also includes ages of Ouray 1 and 2 from 
Cunningham and others, 1977.
The zircons have a low track density and the individ­
ual grain ages are somewhat discordant. Both of these 
factors contribute to a large uncertainty. The variability 
of the individual grain ages indicates that the zircons are 
only partially reset (C. Naeser, personal communication). 
This variability is most extreme in CB-11 where the 
individual grains define two ages for the same sample.
Five grains have been annealed to a much greater extent
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TABLE 1. FISSION TRACK DATA
No. of 1/ 2/ 3/ psPrai na t- / nm —Sample. Mineral G s r, s' 10^t c ^
CB-1 Zircon 7 0.90 3.04(114)
Apatite 80 10.3 4% .005( 8)C3-2 Zircon 7 0.95 2.79(378)
Apatite 80 10.77%r .008(13)C3-3 Zircon 5 0.99 4.47 (478.)
Apatite 70 7.41%. .015 (20)
CB-4 Zircon 8 0.76 7.30(125)
Apatite 50 13.13% .011(11)
CB-5 Zircon 3 0.53 1.72(265)
Apatite 80 9.05% .012(19)
C3-6 Zircon 6 0.92 1.45( 34)Apatite 100 9.65% .015(29)C3-7 Zircon 5 0.99 3.30( 34)Apatite 100 9.66% .010(19)C3-8 Zircon 6 0.99 3.87(146)
Apatite 100 6.94% .020(19)
C3-9 Zircon 6 0.95 5.36 (231)
Apatite 100 7.56% .015(29)
C3-10 Zircon 5 0.96 6.20(579)Apatite 100 3.32% .067(13)C3-11 Zircon 5 0.90 5.40(152)
3 1.00 5.56(101)
Apatite 100 3.95% .012(23)
CB-12 Zircon 3 0.99 6.3 (190)
Apatite 100 3.25% .010(20)
30-1 Zircon 7 0.98 5.07(165)
Apatite- 60 4.22% .005(52)
30-2 Zircon 6 0.35 4.92(149)
Apatite 30 9.19% .012 (19)
30-3 Zircon 6 0.39 5.93 (144)Apatite 90 3.52% .026 (45)
30-4 Zircon 7 5.07(206)
Apatite — — —
4/ pi 5/ ? U
10 61 /cm^ lQ^^m/cm^ ppm AGE 10^yrsl2cP-
7 . 1 5 ( 1 3 1 ) 1 . 0 3 9 198 27 + 3-
. 0 4 6 ( 7 1 ) 1 . 0 3 5 1 . 2 8 7 E 5
4 . 4 4 ( 3 0 0 ) 1 . 0 3 2 124 39 E 2.
. 04 7  (73) 1 . 0 3 5 1 . 3 1 11 E 6
5 . 9 7  (314) 1 . 0 2 5 168 4 6 . 5. ■v 2
. 0 6 0  (31 ) 1.. 035 1 . 6 7 15 E 6
9 . 3 0 ( 8 0 0 ) 1 . 0 1 3 263 47 . 5 -t- 3
. 0 4 6 ( 4 9 ) 1 . 0 3 5 1 . 2 8 15 . 5 E 10
2 . 9 8 ( 2 3 0 ) 1.011 35 35 E 5
. 0 4 9 ( 7 6 ) 1 . 0 3 5 1 . 3 6 1 5 . 5 + 7
2 . 0 0 (  78) 1 . 0 0 4 57 32 +■ 3
. 059(114) 1 . 0 3 5 1 . 5 4 16 E 7
4 . 4 7  ( 57) .9 7 2 132 43 + 3
. 04 6  (89) 1 . 0 3 5 1 . 2 8 13 + 6
5 . 6 5  (127) .99 7 163 34 ■Jm 2
.063(121) 1 . 0 3 5 1 . 7 5 23 . 5 E 3
9 . 0 2 ( 1 6 4 ) .99 0 262 41 . 5 J- 3
.053(111) 1 . 0 3 5 1 . 6 1 16 E 6
3 . 2 7  (334 ) .9 8 3 242 44 4. 2
.052(101) 1 . 0 3 5 1 . 4 5 8 E 5
9 . 5 3  (145) .9 7 6 283 32 . 5 -r 3
5 . 8  ( 53) .97 6 171 55 j. 3
. 04 9  (95 ) 1 . 0 3 5 1. 36 15 jr 6
8.6  ( 130) . 969 256 42 E 2
. 0 5 0 ( 9 7 ) 1 . 0  35 1 . 3 9 13 +- 6
1 1 . 3  (105) .96 2 353 45 + 3
.119(138) 1 . 0 3 5 3 . 3 1 23 4. 7
9 . 3 2 ( 1 3 9 ) .9 5 5 281 31 E 3
. 0 5 1 ( 7 9 ) 1 . 0 3 5 1 . 4 2 15 E 7
3 . 1 9 ( 1 1 9 ) .943 249 34 j. 3
.09  (157) 1 . 0 3 5 2 , 5 3 13 E 5
5 . 9 0 ( 1 1 7 ) . 9 4 1 211 49 4- 4-
1/ for zircon Z(x-xXv-v)n-TT'jUrf
L (n-
-3?) 21) E (y-<r) ̂ “jl/2
correlation
coefficient
2/ for apatits 1 3 (s/ ’/n) x 100 
where s a relative 
standard deviation relative standard error of the mean
3/ ps = fossil tracks 
4/ pi = induced tracks 
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than the other three. This sample was probably at some 
minimum temperature for annealing such that some grains 
annealed much more completely than others. The observation 
that the concept of activation energy applies to fission 
track annealing requires more investigation (C. Naeser, 
personal communication) but the behavior of CB-11 is 
^certainly suggestive of such a phenomenon.
All the apatites were exceedingly difficult to count 
because of numerous defects coupled with very low track 
density; low track density results in the large uncer­
tainties''.
CAMP BIRD AREA
Both zircon and apatite in samples CB-1 to 3 and Ouray 
1 show decreasing apparent age toward the Camp Bird Vein.
For most of the other samples zircon ages vary from 30 to 
55 m.y. Apatite ages average about 15 m.y.
BLOWOUT AREA
Zircon apparent ages show the same range of variability 
as those of Camp Bird samples away from the vein. Only 
three apatite separates were obtained. They have an aver­
age age slightly older than the Camp Bird samples which 




All of the samples are very highly altered. Frequent­
ly, it is impossible to determine the original mineralogy. 
Burbank (1936) determined the following mode on a relative­
ly fresh sample of granodiorite sill above the American 
Nettie Mine, north of the Blowout.
Phenocrysts
Quartz .....................         Q . 5
Orthoclase  ................ 0.5
Plagioclase (An25-55)         .15 . 00
Ferromagnesians (hornblende, biotite)......10.00
Groundmass
Quartz.............       22.00
Orthoclase  . . ...........   . 14 . 60
Plagioclase ...............   31. 00
Accessories (including opaques,.............. 6.40
Alteration products, calcite)
This mode seems to be a fair estimate for the original 
modal mineralogy of the granodiorite sill near the Camp 
Bird Mine. From visual estimation by comparison with AGI 
charts, the Blowout samples have 5 to 10% more feldspar 
phenocrysts— mostly plagioclase, with a commensurate de­
crease in groundmass feldspar. These phenocrysts, which 
appear as ghost images, total 2 5 to 30%, are euhedral and 
up to about 1 cm in length. Groundmass minerals are sub- 
hedral and average about.2 mm.
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Relic biotite is present in CB-2. CB-9 has relic 
hornblende. All samples contain zircon and apatite, except 
BO-4 from which no apatite was recovered by heavy liquid 
mineral separation techniques.
Alteration Mineralogy
Figures 5a and 6a show amounts of alteration minerals 
present in the Camp Bird and Blowout samples. These per­
centages were determined by visual estimation and are 
approximate. For comparison Figures 5b and 6b are a graph 
of the fission track apparent ages expressed as percent of 
the oldest zircon age, 54.1 m.y. ; Ouray 2.
Epidote and calcite both replace relic hornblende 
phenocrysts as well as occurring pervasively in the more 
altered samples. Epidote and calcite proportions vary 
inversely.
Clay mineral alteration is pervasive. The following 
section contains a complete discussion of the clay altera­
tion.
Figure 7 illustrates the occurrence of chlorite. 
Chlorite shows the greatest variability, both in occurrence 
and in the appearance of the mineral itself. Phenocrysts 
do not always appear to alter before the groundmass, nor
T-2425 19
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is the color of the chlorite consistent. Brown chlorite 
usually rims green but the opposite case also occurs.
Figure 8 lists the opaque minerals present, as deter­
mined by visual inspection of the thin section under re­
flected light. Magnetite occurs with epidote as: an 
alteration produce of the hornblende. It is also a primary 
mineral scattered throughout the sample. In samples CB-2, 
10 and 12 the magnetite contains titanium and is. altering 
to leucoxene. Magnetite in CB-11 and BO-2, 3 and 4 has 
altered completely to limonite. Small amounts of hematite, 
pyrite and red iron stain (fine-grained hematite?) occur in 
the samples indicated.
Two samples, CB-9 and BO-4, contain saussurite.
(F. Fisher, personal Communication). Saussurite is a very 
fine grained mixture of epidote, calcite and albite, and 
forms from the hydrothermal alteration of calcic plagio- 
ciase. In CB-9 the saussurite occurs only around the edges 
of the plagioclase grains. Sausseritization of BO-4 is 
pervasive. In plane light the entire thin section appears 
to be bleached.
Quartz veins appear in CB-6, 9 and 12 and in BO-3.
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X-Ray Diffraction Analysis of Clay Mineral Fraction
Figure 9 indicates the results of X-ray diffraction 
analysis for identification of minerals in the clay frac­
tion. Most of the clay is illite. Sample CB-12, with the 
highest clay percentage (from thin section analysis) con­
tains montmorillonite in appreciable amounts.. Tract amounts 
of montmorillonite occur in CB-10,. and CB-8 contains trace 
mixed layer clay.
The X-ray diffraction patterns for CB-5 and 9 show 
trace amounts of an unidentified mineral. Due to shifts 
in X-ray peaks with heating, it is probably a. member of 




The section on the geologic history of the San Juan 
region pointed out that the study area has been the site 
of repeated igneous activity since Laramide time. For 
the past 30 m.y. the activity has been continuous.
Each episode of activity was capable of causing 
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as well as the newly formed igneous rocks. When igneous 
rocks are intruded into an area, ground water circulation 
patterns may be changed. The extent of this change is 
controlled by the size and depth of the. pluton, consequent­
ly the amount of heat. Groundwater is heated and circulates 
by convection. This water also carries dissolved minerals 
and gases from the intrusion. A small amount of juvenile 
water may also be included. This fluid is now more aptly 
termed a hydrothermal solution and its circulating system 
a hydrothermal cell.
As this solution circulates through the surrounding : 
rock pre-existing minerals are altered or dissolved and 
new minerals are deposited in response to the new conditions. 
The final mineral assemblage is rarely in equilibrium. This 
is particularly true in the San Juan region where the 
hydrothermal cells and their effects overlap, both in 
space and time.
Circulation patterns of hydrothermal solutions are 
controlled by many of the same factors which control 
groundwater movements, such as permeability and porosity 
of the rock and the pre-existing structural fabric of the 
area. Obviously, faults and fractures facilitate the 
movement of these solutions. Since fluids can move easily 
in these areas the rocks are often more altered and
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mineralized than the surrounding more competent rocks. 
Additionally, in regions such as the San Juans, faults and 
fractures may be continually reopened and often show the 
effects of many different episodes of alteration and 
mineralization. Fluids from more deeply buried plutons 
may more only in faults, and fractures, altering and 
mineralizing that area without having much effect elsewhere.
Since fission tracks in apatite anneal at relatively 
low temperatures, ages calculated from altered rocks might 
be expected to be lowered or completely reset, reflecting 
the age of the hydrothermal event. Zircons, which anneal 
at higher temperatures, may or may not be reset, but a 
comparison of the apparent ages from these two minerals can 
provide information on the thermal regime of the region.
Fission Track Geochronology
An initial assumption in this study is that the grano- 
dioites are Laramide in age, as inferred from field 
observations. The maximum apparent fission track ages 
from zircons of samples tend to support a minimum age of 
approximately 54.1 + 4.0 m.y. established by Cunningham and 
others (1977). This age is only a minimum because even the
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zircons with the highest apparent age may have been 
partially annealed.
The data outlined in the Results section,- in addition 
to general geologic information, indicates that the Camp 
Bird area has been affected by two, if not three, hydro- 
thermal events. The oldest event, discussed by Burbank., 
1960, is represented by regional propylitic alteration.
This event is not clearly shown by the fission tract 
apparent ages but may be inferred from the lowered zircon 
ages in some samples and from the alteration mineral 
assemblages- The effects of this event are very widespread 
and are probably not due to any single intrusion but are 
the combined results of many hydrothermal cells in the 
entire region. Burbank (1960) attributes this event, in 
part, to carbon dioxide gas and solutions trapped after 
cessation of valcanic eruptions.
The second hydrothermal event is indicated by the 
apatite apparent ages which average about 15 m.y. The 
Stoney Mountain rhyolite, located about 4.5 km west of the 
study area, has been dated by fission tracks in zircon at 
14.7 + 2 m.y. by Lipman and others (1976). It is postulat­
ed that larger intrusives of this age exist at depth, and 
that the associated hydrothermal system may be responsible 
for the lowered apatite ages. Zircon ages do not appear to
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have been appreciably affected which indicates that the 
solutions were low temperature or circulated for only a 
short period of time.
The most recent event, mineralization of the Camp 
Bird Vein, is shown by the apatite apparent ages of 7 +
4.8 m.y. of CB-1. This age is concordant with the age of 
10.5 + 0 . 5  m.y. obtained by K-Ar on adularia from the Camp 
Bird Vein (Lipman and others, 1976). The pluton associated 
with the hydrothermal cell responsible for this mineraliza­
tion is probably not exposed. The youngest rock in the 
area, a rhyolite dike located near the Idarado Mine has 
been dated at 11 m.y. (fission track, zircon) by Lipman and 
others (1976) . While this rock may or may not be associat­
ed with this buried pluton, it does suggest ongoing igneous 
activity.
The concept that important mineralization in the 
western San Juans is associated with young intrusive 
activity is also proposed by Naeser and others (1980) 
for the Rico area, southwest of Ouray.
Apatite apparent ages from the Blowout area are also 
lowered to almost 15 m.y. This may indicate that this 
area was also part of the area affected by the Stoney 
Mountain rhyolite. Another explanation is that the fission 
track annealing is due to youngest hydrothermal event. The
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sampling in this area is insufficient and more study is 
necessary. Since the Blowout area is brecciated, it is 
reasonable to assume that hydrothermal fluids from a nearby 
buried pluton would preferentially flow up through this 
area in a manner similar to the Camp Bird Vein area.
Alteration Minerals
The alteration mineralogy, determined by thin section 
analysis, appears to have some correlation with the 
apatite fission tract age. Sericite is most abundant in 
those is an indicator mineral of the vein mineralizing 
episode in the Blowout., then it appears that the alteration 
of BO-4 was due to some older event. The fact that BO-2 
has the largest amount of sericite and the lowest apatite 
age lends some credence to this idea.
SUMMARY
Fission track ages for zircon and apatite from the 
Camp Bird and Blowout granodiorites support the age deter­
mined by Cunningham and others (1977) of 54.1 + 4.0 m.y. 
(Ouray 2) as the" minimum crystallization age. All the. 
apatite and zircon ages appear to be reset.
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The fission track apparent ages together with geo­
logic and petrographic information indicate three hydro- 
thermal events since the emplacement of the granodiorites. 
The oldest event, not clearly defined by the fission track 
ages, is characterized by pervasive propylitic alteration. 
This event has been recognized by previous workers. It 
probably occurred shortly after the collapse of the 
Silverton caldera and is responsible for some of the anneal­
ing of the zircon fission track ages. It is probably not 
associated with any single intrusive but is the result of 
several large hydrothermal systems.
The second event reset almost all apatite ages to 
about 15 m.y. and may be attributed to the hydrothermal 
system associated with the Stoney Mountain rhyolite.
The youngest event in the area is the vein mineraliza­
tion. Apatite nearest the Camp Bird Vein has been reset to 
about 7 m.y. Increased sericite development appears to be 
associated with this event. The igneous rocks responsible 
for this heating are not exposed at the surface.
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APPENDIX A —  FISSION TRACKS
Theory and Methodology
The damaged areas which are formed in insulating
solids by two nuclei from a fissioning heavy element are
called fission tracks. They were discovered by Silk and
Barnes (195 9), and Young (1958), but were considered only
curiousities until the tracks were etched chemically,
rendering them visible in an optical microscope. (Price
and Walker, 1962; Fleischer, and others, 1964).
Fission tracks in terrestrial materials are caused
2 38primarily by the spontaneous fission of U. Two other 
2 33 2 32elements, U and Th, also fission spontaneously, but
have such long half-lives that they make essentially no
contribution. Figure 1, after Fleischer and others
(1965a), shows the mechanism for track formation. Frag-
2 38ments from the fission of U disrupt the electron balance 
of the atoms along their path through the crystal lattice. 
The resulting positively charged ions are repelled from 
both the remnant positive charge of the fission fragment 
and from each other. The ions move out into the crystal 
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Tracks are stable in most insulating solids at temp­
eratures less than 100°C. Conducting and semi-conducting 
materials do not retain tracks because the electron move­
ment is sufficiently rapid to neutralize the charge im­
balance caused by the fission fragment— the tracks never 
form. Even in insulating solids, at temperatures over 
100 °C increased atomic movement allows the displaced ions 
to return to their original positions in the crystal lat­
tice, fading the track until it is no longer visible'after 
eaching (Naeser, 1979) . This process is called annealing 
and will be discussed later, in greater detail.
Fission tracks are very useful for dating geologic 
materials. As with most techniques of radiometric dating, 
it is necessary to determine the amount of daughter product 
versus the amount of the parent remaining. Two techniques 
are used in fission track dating, depending upon the 
uranium distribution of the mineral in consideration.
These techniques are described in great detail by Naeser 
(1976) .
For minerals with uniform uranium distribution, such 
as apatite, the population method is commonly used. The 
sample is split into two groups, or populations, of several 
hundred grains each. One group is mounted in epoxy, then 
polished and etched. This group will show spontaneous
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fission tracks, those produced by the spontaneous decay of 
238 U. These spontaneous tracks are the daughter product. 
The other group of minerals is heated in a furnace to 
cause the complete annealing of all the spontaneous tracks.
These grains are then irradiated to cause the fission of
2 35 2 3 5 2 3 8U. Since the U/ U ratio is constant in terrestrial
2 3 8materials, U can be calculated from the number of
235fission tracks produced by the fission of U. After 
irradiation, these grains are mounted, polished and etched 
in the same manner as the other group. The tracks pro­
duced in this sample are proportional to the amount of 
parent material.
Minerals such as zircon and sphene commonly have a 
zoned uranium distribution, and must be dated by the 
external detector method. The mineral grains are mounted 
in epoxy or teflon, polished and etched to reveal the
spontaneous tracks. The mount is then covered with a
235piece of low-uranium muscovite and irradiated. The U 
near the surface of the mineral fissions, producing tracks 
in the muscovite detector. The muscovite detector is then 
etched and counted to determine the uranium content. 
Irradiation produces induced tracks in the mineral as well 
as the detector, but since the grain mount is etched prior 
to irradiation only the spontaneous tracks are visible.
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Spontaneous tracks are counted in a portion of a mineral 
grain and induced tracks are counted in the corresponding 
area of the grain image in the muscovite detector. It is 
possible to calculate an age from a single grain by this 
method but five or more grains provide a more reliable 
estimate.
Age Equation
Fission track ages are calculated according to. the 
following equation:
A = In i + p /o.x i L Mŝ  1 AF 1/AD
The terms and. pg are. determined by counting and are the
induced and. spontaneous track densities. The term ,<p is the
number of neutrons per square centimeter that the sample
receives during irradiation. This term is determined by
including a piece of glass of known uranium concentration
with the samples during irradiation. The glass has a
muscovite external detector which is. etched and counted.
The rest of the terms are constants: a is the cros.s-
235section for the neutron fission reaction of U; I is the 
2 35 2 38atomic ratio U/ U; AD is the total decay constant for 
23 8U decay and AF is the decay constant for spontaneous 
fission. The values which are. currently accepted are 
listed below:
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I ■= 7.52 X IQ"3 
X = 1.55 1 X 10"10 yr"1 
Xp = 7.03 X 10“17 yr"1 
a — 580 X IQ ^  cm3 
The age equation is: actually derived from the mathe­
matical expressions for the spontaneous track, density and 
the induced track density. The spontaneous track density 
is a function of the age, the decay constant and the 
uranium content, as well as other terms describing the. 
density of the material, the range of the fission fragments 
and the etching efficiency of the material. The induced
track density depends on the neutron fluence and the
235thermal neutron fission cross section for U, and also 
the factors mentioned above for density, fission fragment 
range and etching. These factors for density, fission 
fragment range and etching efficiencies are poorly known.
By dividing the spontaneous track density by the induced 
track density these terms cancel. It is then possible to 
calculate the age from easily determined quantities 
(Naeser, 1976).
Uncertainties
Fission tracks can be considered to be spatically dis­
tributed in a Poisson manner— an assumption in the method
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for the error calculation of the ages determined by the 
external detector method by Naeser, Johnson, and McGee 
(1978). The standard error of the age, A, is calculated 
according to the following equation:
This method assumes that 1) errors in determining the 
neutron dose i are statistically independent from the errors 
in determining the fossil and induced counts; 2) tg and t^ 
are correlated by the crystal uranium content; and 3) A, the 
age, is a constant. Since this method also assumes a 
Poisson distribution for fission tracks the population mean
\ Oequals the variance, for example, g g = ts . Errors for the 




aA = standard error of the age
as = standard error of tg (ts=number of tracks counted)
standard error of t^ (t^=number of tracks counted)
a<̂ - standard error of t<£ (tcj>=number of tracks counted)
r = correlation coefficient between t and t.s i
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Apatite ages were determined by the. population method 
and the errors were calculated according to the equation 
from Zimmermann (1977). This method involves the errors 
associated with the spontaneous track density, p , the in­
duced track density, p^, and the neutron fluence, <j>, which 
are combined according to the first term of a Taylor Series 
Expansion:
1/2
where s = standard deviation of the mean for x = p , p * , <j>
X  S X
and the entire squared term is the first partial derivative 
of the age equation (t) with respect to the spontaneous, 
track density, the induced track density and the neutron 
fluence. This error calculation is general and assumes only 
that the distribution does, not deviate from a normal dis­
tribution enough to affect the mean or standard deviation.
AGE = Z (^t/^x X sx )2
